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Abstract
Singapore has been making efforts in relieving its water shortage problems and has been making
great progress through its holistic water management. Via the Active, Beautiful, Clean Waters
(ABC Waters) Programme, Singapore's Public Utilities Board (PUB) is now aiming to opening
Kranji Reservoir for recreation.
Considering the potential contamination of freshwater, particularly by fecal coliform, which
threatens public health by causing water-borne diseases, a practical microbial water quality
prediction program has been built up to evaluate the safety of the recreational use of Kranji
Reservoir.
E. coli bacteria concentrations within the reservoir were adopted as an indicator of recreational
water quality. Dynamic fate-and-transport modeling of E. coli concentrations along the reservoir
was carried out using the Water Quality Analysis Simulation Program (WASP). The model was
constructed by specifying basic hydraulic parameters. E. coli loadings were indexed to the
various land uses within the Kranji Catchment and the effective E. coli bacterial decay rates were
derived from theoretical equations and verified by on-site attenuation studies carried out in
Singapore.
Simulation results from the WASP model are consistent with samples collected and analyzed for
E. coli concentration in Kranji Reservoir in January 2011. The simulation results indicate
potentially high risk in using the reservoir's three tributaries for water-contact recreation. The
model also shows advective flow through the reservoir to be a big contributor to the
concentration changes along the reservoir. A prototype of a practical early warning system for
recreational use of Kranji Reservoir has been designed based on the implementation of the
model.
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Title: Senior Lecturer of Civil and Environmental Engineering
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Chapter 1: Background
This chapter was prepared collaboratively with Ryan Bossis and Genevieve Ho.
1.1 Singapore Background
The Republic of Singapore consists of a group of 59 islands located at latitude 10N and longitude
104'E off the southernmost tip of continental Asia separated by the Straits of Johore from
Peninsular Malaysia to the north. The total area of the entire country spans approximately 710
km2 (Chong et al., 2009) and the country's current population is estimated to be around five
million with a growth of 1% per annum (CIA, 2010; PUB, 2010). Singapore's free market
economy has enjoyed almost uninterrupted growth since 1965, when Singapore won its
independence. The city-state has one of the highest per capital Gross National Incomes in the
world ($40,000) (World Bank, 2009) with a standard of living comparable to North America and
Western Europe. Among all the industries, the tourism industry is the best developed in that it
generated $12.8 billion in receipts from a record of 9.7 million visitors in 2009 (Tan et al., 2009).
Figure 1.1 Map of Singapore (Bing Maps)
The climate in Southeast Asia is typically humid, rainy and tropical with two main monsoon
seasons from December to March and June to September, and inter-monsoon periods in between
typically characterized by heavy thunderstorms in the afternoons. Located 137 kilometers north
of the equator, Singapore has a humid, rainy, and hot tropical climate with three different
monsoon seasons: the northeastern monsoon that goes from December to March, the
southwestern monsoon that goes from June to September, and the inter-monsoon period.
Singapore receives around 2400 mm of rainfall per annum, which is above the global average of
... ....... - ...........
1050 mm per year. However, lack of land and thus limited catchment area to collect rainwater
coupled with the high evaporation rates in the country has caused Singapore to be classified as a
water scarce country. On the United Nations list of country's fresh water availability, Singapore
ranks 170 out of 190 (Tan et al., 2009).
1.2 Water Issues and Water Management - Kranji Reservoir
1.2.1 Water Issues and Management in Singapore
Because of the limited amount of land area where rainfall can be stored, Singapore has made
great efforts on water supply development and holistic water management. Four main "National
Taps" have been emphasized by the Singapore government: local catchment, water import,
NEWater, and desalination. And with the projected population growth, the country is planning
ahead to meet future needs.
Singapore does not have natural aquifers or lakes. The country draws water from 17 constructed
reservoirs with storage water collected using a comprehensive network of drains, canals, rivers
and storm water collection ponds (Figure 1.2). These catchments form Singapore's Ist National
Tap (PUB, 2010).
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Figure 1.2 Singapore Local Catchment Management (PUB, 2010)
The 2 "d National Tap is imported water from Johor, Malaysia. Under a 1961 and revised 1962
Water Agreement with Malaysia, Singapore has the full and exclusive right and liberty to draw
off, take, impound and use all (raw) water from the Johor River up to a maximum of 250 million
... . ..... -- - -- - --- -
gallons per day with a payment of 3 cents per 1000 gallon (PUB, 2010). The 1961 and 1962
Agreements will expire in August 2011 and 2061 respectively. Singapore is planning for self
sufficiency when the Water Agreements to import water from Malaysia expire in 2011 and 2061.
NEWater, the 3 National Tap, is reclaimed municipal wastewater treated using advanced
membrane technologies and supplies 30% of Singapore's total water demand. There are
currently five NEWater plants-Bedok (2003), Kranji (2003), Seletar (2004), Ulu Pandan (2007),
and Changi (2010) (PUB, 2010).
Singapore's 4th National Tap was turned online in September 2005 in the form of the SingSpring
Desalination Plant in Tuas. The plant produces 30 million gallons of water per day using reverse
osmosis (PUB, 2010).
1.2.2 Current Campaign - Active, Beautiful, Clean Waters Programme
Via the Active, Beautiful, Clean Waters (ABC Waters) Programme, Singapore's Public Utilities
Board (PUB) aims to update the functional use of water bodies from just resources for water
storage and drainage to also serving as attractions for the public; to tap resources through public-
private partnerships; to develop and manage water bodies as new community spaces whilst
safeguarding water quality and communal health; and furthermore to build a water conservative
community by integrating all catchment water management initiatives led by this ABC
Programme (PUB, 2008).
PUB developed a Masterplan to identify potential water catchment projects across the country.
These projects would be implemented in phases over the span of ten to fifteen years with the first
five-year plan being from 2007 to 2011. PUB divided the map of Singapore into three
"watersheds": the Western, Eastern and Central Catchments, with respective themes and
projects. The goal is to provide a suitable water management system to capture freshwater and
additionally provide the public with water recreational activities.
1.2.3 Development of Kranji Reservoir
In many ways and on many levels, Singapore is moving ahead with a holistic, integrated
approach to water management that can serve as an example for communities worldwide,
featuring in the development of Kranji Catchment, which is one piece of the whole big picture.
Kranji Catchment is a largely rural and underdeveloped area, and has some of the most important
nature areas in Singapore. Figure 1.3 shows the breakdown of water catchments in the Western
Catchment, with Kranji included in the figure at the northern corner.
Kranji Reservoir now is a drinking water reservoir and is managed by Singapore Public Utilities
Board (PUB). Kranji Reservoir has three main tributaries, Sungei Kangkar, Sungei Tengah, and
Sungei Peng, whose freshwater flows downstream to the Jahor Strait and is dammed at its mouth
to form the freshwater reservoir.
The reservoir, despite its strength in natural beauty, open space availability and ecological
uniqueness, has low visitor rates due to lack of transportation, poor access, and relatively isolated
areas at the reservoir. Due to the availability of large undeveloped land however, Kranji
Reservoir has high recreational potential among other reservoirs in the Western Catchment
(PUB, 2007 Under the 2003 Masterplan, the Urban Redevelopment Authority (URA) of
Singapore proposes to develop a tropical wetlands experience for the public around the Kranji
freshwater marshes (PUB, 2003).
Figure 1.3 Western Catchment with Kranji Reservoir included (PUB, 2007)
1.2.4 Safe Recreational Water Environment
As proposed under the Singapore 2003 Masterplan and also part of the PUB's Active, Beautiful
and Clean Programme, the public is looking forward to the opening of Kranji Reservoir for
recreation. However there is the potential for some adverse impacts. The most common adverse
health impact associated with exposure to a recreational water environment contaminated by
fecal coliform is water-borne disease such as enteric illness. A cause-effect relationship between
bather-derived pollution and acute febrile respiratory illness, which is a more severe health
outcome than gastroenteritis, has also been pointed out (WHO, 2003).
The groups that are at higher risk of diseases caused by contaminated freshwater are the young,
the elderly, the immunocompromised, as well as visiting populations susceptible to locally
.......... ..........
endemic disease. In view of the fact that Singapore is a tourist attraction and local government
also plans to open reservoirs for multiple functions, the microbial water quality in the reservoir
and catchment should be taken into account.
1.3 Previous Water Quality Studies of Kranji Reservoir
In preparation for recreational uses of the reservoir, Nanyang Technological University (NTU)
cooperating with the Massachusetts Institute of Technology (MIT) has been working on a series
of studies since 2008 that sought to characterize the Kranji Reservoir and Catchment and develop
models to simulate the reservoir's water quality.
Bacteriological characterization studies of Kranji Catchment were completed by two groups of
MIT students in 2009 and 2010 (Dixon et al., 2009; Foley et al., 2010). These studies contained
topics including the method of tracking human fecal contamination sources, the evaluation of E.
coli levels in both dry and wet weather, the possible correlations between E. coli loading levels
and the types of land use, and construction of models to characterize the fate and transport of
bacteria in the reservoir. In January and July 2009 and January 2010, MIT students went to
Singapore, collecting 332 water samples in Kranji Catchment. Samples were analyzed for E. coli
concentration in order to identify fecal contamination sources. Two methods were adopted: Hach
m-ColiBlue24* (Hach Company, Loveland, CO) in January 2009, and IDEXX Colilert Quanti-
Tray*/2000 method (IDEXX Laboratories, Inc., Westbrook, ME) thereafter. MIT students
completed analyses using ArcGIS and Microsoft Excel to process the field data, and unveiled
possible correlations between E. coli levels and the types of land use that were represented by
those sampling locations (Foley et al., 2010). The Soil and Water Assessment Tool (SWAT) was
applied as well to characterize bacterial fate and transport in Kranji Catchment (Granger, 2010)
considering the influences of the weather and other variables on bacterial loadings to Kranji
Reservoir.
Besides, Nshimyimana (2010) carried out DNA analysis using Touchdown PCR and Nested
PCR HF183F assays and proved a positive relation between his DNA water samples in
horticultural, farming and residential areas and the Human Factor DNA marker.
Furthermore, in order to complete a preliminary evaluation of water quality in Kranji Reservoir
itself, MIT M.Eng students Kerigan and Yeager (2009) set up a Water Quality Analysis
Simulation Program (WASP) model to create a representation of the reservoir and catchment
system to determine how it generally behaves.
1.4 Scope of Study
This study aims at building a practical microbial water quality prediction program, which can be
further integrated into an early warning system in Kranji Catchment in order to manage the
reservoir's recreational use. It can be one useful technical tool in the holistic management of
Kranji Reservoir considering the realization of a multifunctional freshwater environment. The
safety of fishing or kayaking in the reservoir after a storm event can be easily assessed and
ensured by monitoring runoff and bacterial loading from the catchment and predicting the future
bacterial concentration in each segment inside the reservoir using the water quality simulation
model for Kranji Reservoir described in this thesis.
A field study was designed and implemented, and data collection and laboratory analysis were
also conducted during January 2011, in order to assist with setting up the reservoir water quality
model to simulate the concentration of fecal bacteria throughout the Kranji Reservoir and to
evaluate the Kranji Reservoir's potential eligibility for recreational use.
E. coli bacteria concentrations throughout the reservoir were utilized as an indicator of
recreational water quality. Dynamic fate-and-transport modeling for E. coli concentrations within
the reservoir segments was carried out using WASP (Ambrose, 1993). E. coli loadings were
indexed to the various land uses within the Kranji Catchment. Basic hydraulic parameters were
used to develop the bacterial fate and transport mechanisms.
Chapter 2: Water Quality Prediction Methodology
2.1 Water Quality Indicator - Total Coliform and E. coli
2.1.1 Introduction
This section was written in collaboration with Genevieve Ho.
The transmission of water-borne, water-washed, and water-based diseases has been a matter of
concern for many years. The impact of high concentrations of disease-producing organisms on
water uses can be significant. Reservoirs may be closed permanently or intermittently during
rainfall conditions when a significant number of pathogenic bacteria are discharged from urban
runoff and combined sewer overflows.
The modes of transmission of pathogens are through ingestion of contaminated water and food,
and exposure to infected persons or animals. Infections of the skin, eyes, ears, nose and throat
may result from contact with the water while such recreational activities as bathing, water skiing,
boating and fishing are going on (Thomann and Mueller, 1987).
In order to evaluate the risk of exposure to contaminated water, an accurate measurement of
pathogens is required. Measurement approaches include analysis for (a) indicator bacterial
groups that reflect the potential presence of pathogens, (b) the pathogenic bacteria directly,
(c) viruses, and (d) intestinal parasites. The first two measures can be summarized as in Table 3.1
(National Academy of Science, 1977). Of the four measurements approaches, indicator bacteria
are the most commonly used and are discussed further in Section 2.1.2.
Table 2.1 Examples of indicator bacterial and pathogenic bacterial analysis measures
Indicators Pathogenic bacteria
Bacteria Vibrio cholerae
Total coliform Salmonella species
Fecal coliform Shigella species
Fecal streptococci
Obligate anaerobes
Bacteriophages (Bacterial viruses)
........ . . . ..... .......... ......
2.1.2 Indicator Bacteria - Total Colifom and E. coli
Public health regulation should achieve the goal of limiting human exposure to pathogens in
water. It would be the best if pathogens can be monitored directly. Ideally, monitoring programs
to support pubic health protection especially for activities such as contact recreation would
measure pathogens directly. However because of the difficulty in testing all pathogens directly,
indicator organisms, typically used to demonstrate the potential presence or absence of groups of
pathogenic bacteria, are used for water quality assessment instead. Indicator bacteria are not
necessarily pathogenic, but are found abundantly in wastes with human contributions where
pathogenic organisms, such as viruses, are likely to exist.
The use of indicators is attractive because it reduces the complexity and cost of analyzing sludge
or water for individual pathogens. As stated by New Hampshire Department of Environmental
Services (2003), indicator organisms are generally selected because they are abundant in the
study environment; it is feasible to enumerate them with a rapid, accurate and cheap method; and
there exists a strong correlation between the presence or absence of the indicator and that of the
target pathogenic organisms.
The concentration of indicator bacteria in surface waters has been used for decades to assess the
safety of water for different uses. However Singapore has not set up a formal standard for the E.
coli concentration in freshwater for recreational use. So EPA criteria for bathing (full body
contact) recreational freshwaters were adopted here to evaluate the risk of recreational use of
Kranji Reservoir. The standard requires that the E. coli bacterial densities should not exceed 126
CFU per 100 mL water (EPA, 2003).
While use of bacterial indictors to measure water quality is widespread, there is no universal
agreement on which indicator organism(s) is most useful. Today, the most commonly measured
bacterial indicators are total coliform and E. coli. Total coliform was the first to be used, and a
threshold of 2300 colony forming unit (CFU/100 mL) was observed in an epidemiology study
carried out by the US Public Health Service as an indicator of detectable swimming-associated
health effects (Dufour, 2001 as cited by Noble et al., 2003). More recently, E. coli, a subset of
the fecal coliform group, was established as a preferred indicator, and its threshold was based on
a series of epidemiological studies that were carried out in sewage-impacted recreational waters
(Cabelli et al., 1982; Dufour, 1984). These studies demonstrated that the concentration of E. coli
correlated better with bather illness than total coliform.
Though E. coli has been questioned as to its applicability in tropical climates (Lopez-Torres et
al., 1987; Hazen, 1988), some factors like easy detection by simple laboratory tests, general
absence in unpolluted waters, and strong correlation with the extent of contamination in
temperate climates still dominate. A comparison of advantages and disadvantages of E. coli is
shown in Table 2.2 (Sobsey, 2007).
Table 2.2 Advantages and disadvantages of E. coli as indicator bacteria (Sobsey, 2007)
Indicator Advantages Disadvantages
e A fresh water human health * Sometimes not suitable for tropical
indicator and some other waters due to growth
E. coli * Indicator of recent fecal in soils and waters
contamination
" Used to track sources of fecal e Poor survival in sea water; low
contamination concentrations may give poor
e Rapid identification if based predictability of health risks
on beta-Glucuronidase activity
Since Singapore is a tropical country, with abundant rainfall throughout the year, there is concern
about the efficacy of applying fecal coliform bacteria as indicators of water quality in tropical
fresh waters. However so far, there is no adequate evidence showing that the densities of E. coli
in water in Singapore fail to identify sources of fecal contamination. On the contrary, most of
bacterial studies in Singapore have verified the validity of E. coli as a good water quality
indicator (Dixon et al., 2009; Kerigan and Yeager, 2009; Granger, 2010; Nshimyimana, 2010).
Considering the availability of data from previous studies and the advantages of E. coli as an
indicator, I used E. coli as the Kranji Reservoir water quality indicator in this study.
2.2 Water Quality Simulation Model
2.2.1 Water Quality Modeling Overview
Mathematical models of water quality arose and quickly developed as a response to the need for
water pollution control. Regression models are useful in the prediction of water quality based on
a variety of variables. Eleria and Vogel (2005) used logistic regression models and ordinary least
squares methods to predict fecal coliform bacteria concentrations based on hydrologic,
environmental, and meteorological variables in Charles River Basin, Massachusetts. Six models
were constructed, taking into account such variables as antecedent rainfall characteristics,
hydrological variables, seasonality, net radiation, cloud cover, wind speed, and combined sewer
overflows, and also including lagged bacteria concentrations. However the limitations of such
static models are obvious: it is quite complicated to disentangle all possible interactions between
each pair of variables. In comparison, dynamic simulation models are more capable of changing
the influence of each variable on the others simultaneously and accurately. As a result, dynamic
simulation models are more widely implemented for water quality control.
Palmer and Dewey (1984) developed a two-dimensional dynamic lake type model, combined
with a STORM runoff model, effectively reproducing the fecal coliform levels of an urban beach
on a lake in the Ottawa River. The fecal coliform levels were associated with rainfall events and
runoff from two large catchments upstream of the beach.
Shanahan (1984) identified two types of lake water quality models, the finite difference model (a
continuum approach) and the multiple-box model (a discrete approach). And furthermore, the
author proposed a framework for systematic, rational construction of lake water quality models
in regard to the intrinsic difficulties in the application of multiple-box models.
A two-layer mass balance multiple-box model was developed to simulate spatial and temporal
variability in fecal coliform bacterial concentrations in Onondaga Lake, Syracuse, N.Y. (Canale
et al., 1993). In-lake concentration of fecal coliform bacteria was correlated with loadings from
watershed, mass transport processes including both advection and dispersion, and also kinetic
losses in the lake.
These prior model applications have demonstrated the value of multiple-box dynamic models in
predicting lake and reservoir water quality. Based on this past experience, Kranji Reservoir can
be treated as a multiple-box water body system with time-varying mass transport processes.
2.2.2 Water Quality Analysis Simulation Program (WASP) Model
WASP, as mentioned in Section 1.3, was applied to Kranji Reservoir by Kerigan and Yeager
(2009). The USEPA Water Quality Analysis Simulation Program (WASP) (Ambrose et al.,
1988) is a dynamic compartment-modeling program for aquatic systems. The time-varying
processes of advection, dispersion, point and diffuse mass loading, and boundary exchange are
represented in the basic program. It is also structured to form problem-specific models, such as
TOXI and EUTRO. WASP has been used to examine eutrophication of Tampa Bay, the Neuse
River and estuary, the Potomac Estuary, and Lake Okeechobee; PCB pollution of the Great
Lakes; Kepone pollution of the James River Estuary; and heavy metal pollution of the Deep
River, North Carolina (Wool et al., 1995).
The core of WASP is a multiple-box model, which can be described as "an analytical tool that
divides a body of water into segments and uses the principal of conservation of mass to calculate
the exchange of flows and mass between segments" (Wool et al., 1995). The model input is flow
and dispersion data, reservoir size and geometry, and bacterial concentration in each segment.
The model output is a forecast of contaminant, E. coli concentrations in this case.
The previous WASP model by Kerigan and Yeager (2009) is practical and easy to implement
compared to other models such as Antenucci's CAEDYM-ELCOM model. However the
limitation lies in that it is only a representative model and the accuracy was constrained by the
preliminary and simplified data put into it. This indicates that it is necessary to update the model
by integrating more details and real conditions to calibrate it, as well as to collect more water
samples to test the accuracy of model simulation results. Accordingly, this study continues to
use WASP as a convenient tool for assessing water quality in Kranji Reservoir, but with
additional and more complete model inputs and calibrated data.
3 Chapter 3: Data Collection and Analysis
3.1 Field Sampling
3.1.1 Sampling Locations and Weather Conditions
Kranji Reservoir and its estuaries are located at the northwest corner of Singapore Island, with
the coordinate (1'25'N, 103'43'E). The total area of the surface of water body is about 80 ha. As
a part of this study, water quality samples were collected along a longitudinal profile of Kranji
Reservoir and analyzed for coliform indicator bacteria. Sampling work was carried out from
10:00-11:30 a.m. on January 12t', 2011. It was sunny and the sky was clear with a relative high
temperature around 30 *C. There was no storm event within 24 hours.
Water samples were collected along the main water route in the reservoir as is shown in the map
below (Figure 3.1). A Global Positioning System (GPS) device was used to determine the
sampling locations. The GPS locations of sampling points were mapped with Google Earth to
create Figure 3.1.
Figure 3.1 Reservoir Sampling Locations (Google Maps)
.. ......... 
3.1.2 Sampling Procedure
Because of its high eutrophication, the surface of reservoir was covered by algae, which made
the reservoir green in color. In order to avoid sampling water with high algae concentrations,
water samples from a bit deeper depth were required. I designed 20 cm as the sampling depth
and used a plastic siphon pump (Figure 3.2) to suck up water in each sampling spot and transfer
100 to 120 milliliters to one Nasco sterile Whirl-Pak* bag (Nasco, Fort Atkinson, WI). In order
not to contaminate the samples, for each sample a new pair of nitrile gloves was used and
disposed right after the completion of the sampling process. The pre-labeled sterile Whirl-Pak*
bag was then sealed and kept in an ice box (Figure 3.3). In this way the samples could be
shielded from high temperature and sun exposure, both of which could lead to die-off of the fecal
bacteria.
Figure 3.2 Manual Plastic Siphon Pump & Nasco sterile Whirl-Pak* bag
Figure 3.3 Sampling Work and Sealed Samples in the Ice Box
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3.2 Lab Analysis
This section was written in collaboration with Genevieve Ho.
3.2.1 Testing Methods
During January 2009, water samples were analyzed for total coliform bacteria and E. coli using
the Hach m-ColiBlue24* method (Hach Company 1999). The Hach m-ColiBlue24* method is a
single step membrane filtration technique applied to enumerate bacterial population by
incubating bacteria on a nutritive medium. According to Dixon et al. (2009), the accuracy of the
Hach m-ColiBlue24* method is questionable due to culture medium problems reported by the
Hach Company (2008).. This possibility of getting lower colony counts of E. coli was revealed
after the use of this product in the 2009 project (Foley et al., 2010).
In January 2011 we selected the analysis method-Colilert Quanti-Tray*/2000, which had been
used in July 2009 and January 2010. The IDEXX Colilert Quanti-Tray*/2000 was used to detect
the Most Probable Number (MPN) of total coliform and E. coli. The IDEXX Colilert Quanti-
tray*/2000 method uses colilert growth media. Colilert simultaneously detects total coliform and
E. coli in water. The Colilert* reagent consists of salts, nitrogen, carbon and indicator-nutrients,
orthonitrophenyl-a-d-galacto-pyranoside (ONPG) and 4-methyl-umbelliferyl-a-d-glucuronide
(MUG) (IDEXX Laboratories, Inc., 2007). When E. coli metabolizes ONPG, the sample will
turn yellow, and if at the same time E. coli metabolizes MUG, the sample will fluoresce. Colilert
can simultaneously detect these bacteria at 1 CFU/100 mL within 24 hours even with as many as
2 million heterotrophic bacteria per 100 mL present (IDEXX Laboratories, Inc., 2007).
3.2.2 Lab Work
Reservoir water samples were kept in the ice box and carried back to the lab at NTU's Civil and
Environmental Engineering Department building, right after the completion of the reservoir
sampling work. Sampling began within the specified ideal time for starting the samples' lab
analysis of within six hours of collection (Mitchell and Stapp, 1995). In the lab, each sample was
diluted to 1:1, 1:100 and 1:10000. The final results showed that the first two dilutions succeeded
in measuring bacterial concentrations spanning from 1 to 241,900 MPN/1 00 mL.
Samples were diluted by measuring 100 mL of the sample out using a graduated glass cylinder
into a 250-mL glass bottle, pipetting 1 mL out using an Eppendorf Research Pipettes (Eppendorf
AG, Hamburg, Germany) and adding it to 99 mL of deionized (DI) water (18 megOhm) into a
second 250-mL bottle for the 1:100 dilution, then pipetting 1 mL of the 1:100 mixture into a
third 250-mL bottle and adding 99 mL of DI water to obtain the 1:10000 dilution.
After dilutions were carried out, the Colilert* Test Kit was added into the 250-mL sterilized
bottle and mixed until the reagents had dissolved into the solution. Then, the mixtures were
poured into IDEXX Quanti-Tray*/2000 trays and sealed with the IDEXX Quanti-Tray* Sealer
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(IDEXX Laboratories, Inc., Westbrook, ME). The Quanti-Trays® were labeled with the sample
name, dilution factors time of incubation, and time of analysis. The trays to be analyzed for total
coliform and E. coli concentrations were placed in the incubator at 35±0.5 'C for 24 to 28 hours.
After the appropriate time had passed, the trays were taken out of the incubators and results were
recorded. Each Quanti-Tray* has 49 large wells and 48 small wells. The statistical accuracy of
such tests is increased by a better estimation of statistical variability of the bacterial distribution
when using multiple wells (Lindquist, 2008). Yellow wells indicate positive results for total
coliform bacteria, while fluorescent wells under a 6-watt, 365-nm ultraviolet light (within 5
inches of the sample) indicate positive results for E. coli. The number of positive wells was
recorded and the MPN/10mL concentration for total coliform and E. coli were determined by
referring to the MPN table provided by IDEXX with the Quanti-Trays*.
Chapter 4: E. coli Attenuation Model Development
4.1 Overview of E. coli Attenuation Model
The coliform attenuation rate has been considered as a first-order kinetics mechanism since the
1970s (Hydroscience, 1971; Chen and Wells, 1975; and Baca and Arnett, 1976 as cited by Bowie
et al., 1985):
dC= 
-kC
dt (4.1)
or
C, = Coekt (4.2)
where:
C - coliform concentration, CFU/1 OOmL;
Co - initial coliform concentration, CFU/1 OOmL;
Ct - coliform concentration at time t, CFU/100mL;
k - attenuation rate constant, day-;
t - exposure time, days.
4.2 Attenuation Rate Constant
Three main categories of factors have been proved to affect the attenuation rate of E. coli:
physical, physicochemical, and biochemical-biological (Bowie et al., 1985). Physical factors
include: 1) photo-oxidation, 2) adsorption, 3) flocculation, 4) coagulation, 5) sedimentation, and
6) temperature. Physicochemical factors include: 1) osmotic effects, 2) pH, 3) chemical toxicity,
and 4) redox potential. Biochemical-biological factors include: 1) nutrient levels, 2) presence of
organic substances, 3) predators, 4) bacteriophages (viruses), 5) algae, and 6) presence of fecal
matter (Kapuscinski and Mitchell, 1980; Bitton, 1980). Among all these factors, photo-oxidation,
sedimentation, salinity, and temperature are four factors that can be expected to have major
impacts on the decay rates of E. coli in Kranji Reservoir.
In this study, the effective attenuation rate is comprised of four distinct components (Mills et al.,
1985): natural mortality rate, photo-oxidation rate, and settling rate. Among these three, the
photo-oxidation rate can be considered as having an effect for about 3 hours a day. So the
coefficient applied to the photo-oxidation rate was 0.125 in the total effective decay rate
equation.
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Thus, the overall E. coli decay rate can be calculated as:
Keff= Kmortality + 0.125* Kphoto + Ksetting (4.3)
where:
Keff - total nominal decay rate of E. coli;
Kmortality - the light-independent net decay rate;
Kphoto - attenuation rate for photo-oxidation, converted from a 3-hour effective time
period to 24 hours; and,
Ksettling - attenuation rate because of sedimentation process.
4.2.1 Natural Mortality
According to the review by Mills (1985), the natural mortality of E. coli is determined by
temperature and percentage of seawater. The relation is shown in Equation 4.4 below:
Kmortaiiv =(0.8 + 0.006 x (%seawater))x 1.07 (T420)
where:
% seawater - the percentage of seawater in the water body; and,
T- the temperature, 'C.
Based on the investigation results in January 2011, the average seawater percentage (salinity) of
Kranji Reservoir is 0.015, and the temperature is about 28'C. Thus, the natural mortality rate
equals to 1.4 day-.
4.2.2 Photo-oxidation
Photo-oxidation is the most important physical factor that accounts for the decay of E. coli in
several studies (Bowie et al., 1985), and a significant relationship between light intensity and
coliform disappearance rates can be demonstrated. Chamberlin and Mitchell (1978) have shown
that field data statistically support the photo-oxidation model, and data presented by Wallis et al.
(1977 as cited by Bowie et al., 1985) also appear to implicate incident light.
One photo-oxidation mechanism was suggested by Chamberlin and Mitchell (1978) that light
quanta drive some exogenous or endogenous chromophore to an electronically excited state. The
chromophore, in the process of returning to the ground state, transfers its absorbed light energy
to another substance to form superoxides (02*), which, in turn, cause damage to cellular
components. And chromophore can even directly damage cellular components. Kapuscinski and
Mitchell (1981) observed that injury to the catalase system is the most likely site of damage in E.
coli.
Chamberlin and Mitchell (1978) have defined a light level-dependent disappearance rate
coefficient based on the assumption of uniform bacterial cells over depth due to the vertically
mixed water column:
Kphoto =alo I-e 
-KeH
KeH (4.5)
where:
a - proportionality constant for the specific organism, cm2/cal;
Io - incident light energy at the surface, cal/cm 2-day;
Ke - light attenuation coefficient per meter depth;
H - depth of reservoir, m.
a is estimated based on the mean value of four field data for E. coli from Gameson and Gould
(1975), which is 0.362 cm2/cal. Kerigan and Yeager (2009) indicated a value ofIo = 260 cal/cm2
as a representative value for Singapore. Ke is an extinction coefficient dependent on turbidity
(amount of particular matter in the water) and color. The value of Ke can be approximated as
0.55 times the concentration (mg/L) of total suspended solids (TSS) in the water (Di Toro, 1981).
According to the NTU's 2008 report on Kranji Catchment/Reservoir monitoring and
management, TSS for Kranji Reservoir is about 13.9 mg/L. The variable H varies throughout the
reservoir, ranging from 1 to 15 meters. Thus, the decay rate (1/day) due to photo-oxidation is
calculated as follows:
1 (- e <.55x13.9)H
Kphoto =0.362 e 260 e e =12.3 -12.3e-7.6H da-(0.55 x 13.9)H (4.6)
4.2.3 Settling
Settling may be another major mechanism responsible for the disappearance of fecal coliform
bacteria from surface waters in natural water bodies (Mitchell and Chamberlin, 1978). Gannon et
al. (1983) observed that viable fecal coliform bacteria accumulated at the sediment surface in
Ford Lake in Michigan, and concluded that sedimentation played an important role in the overall
disappearance of fecal coliform bacteria from the water column.
E. coli can also exist in the water column attached to suspended particles. Thus, along with the
transportation and diffusion of the sediments, the absorbed bacteria can also settle out when the
suspended particles deposit on the reservoir bed (Gao et al., 2011). Though the sediment could
re-suspend after a certain period of time, the low bottom shear stress due to the overlying low
current velocity deep in Kranji Reservoir discourages E. coli from re-suspending into the
overlying water column while still alive.
Chapra (1997) derived an expression for bacterial loss due to settling. Settling losses depend on
the fraction of E. coli attaching to particles (Fp), the settling velocity of the particles (vs), and the
depth of the water body (H):
Ksettiing = F,
H (4.7)
I took approximate parameters from Sadat-Helbar's study (2009), getting the settlement loss rate
as an inverse proportional formula of depth:
0.4 0.3484
Ksettling = 0.871 x = day- (4.8)
H H (4.8)
4.3 Decay Rate Verification
4.3.1 Previous Study and Literature Review
Granger (2010) conducted a field bacterial attenuation study in Singapore and developed an E.
coli attenuation model by distinguishing the decay rates between daytime and night. Following
analysis of the samples from light and dark periods, Granger determined a set of relatively
consistent values for bacterial decay rate respectively during daytime and night. Her results
showed E. coli grow at night at a rate of 36.0+8.0 day-', and decay during strong daylight at a
rate of 42.9±31.3 day-'. So the mean value of her in-situ 24-hour nominal decay rate is 3.4 day- .
The results of one bacterial decay study carried out at Klang, west of Peninsular Malaysia, from
April until October 2006 showed an E. coli decay rate at Klang that ranged from 1.96 to 4.90
day-' (Lee et al., 2010). Since Klang is 380 km away from Kranji, and has similar nutrient
concentration and water temperature as Kranji though it is in a coastal water condition, it is still
reasonable to refer to this set of decay values as well.
4.3.2 Verification Methodology
The in-situ K value can be determined by the following method. First, a base sampling site is
established below the discharge where the water column is fully mixed normal to the direction of
flow. Then samples are taken at the base site and at several points downstream. Based on
velocities and the change in coliform concentration with traveling time, K values can be
estimated (Bowie et al., 1985).
My experiments were carried out on January 1 7th, 2011. The site was selected in an open channel
near to West Coast Plaza, whose address is 154 West Coast Road in Singapore (Figure 4.1). The
channel is relative long and narrow, and about 0.5 meters deep. Because the channel flowed to
the sea, in order to avoid an adverse effect from seawater intrusion, a period during low tide was
selected for field tests, from 11:30 a.m. to 12:30 p.m. and from 7:30 p.m. to 8:30 p.m. During the
daytime, the water flowing in the channel was shallow and was almost fully exposed to direct
sunlight.
Figure 4.1 E. coli Attenuation Study Location
The attenuation study consisted of simultaneously taking a water sample and releasing a leaf as a
tracer from the upstream end of the study area, taking a sample from the same patch of water at
the downstream end when the leaf passed, recording the traveling time of the leaf which
represented the traveling time of the water patch, and testing the total coliform and E. coli
concentrations in the water originating from the same patch.
The calculation of decay rate K can be expressed as:
K =InC -In Ct
t (4.9)
where:
Co- E. coli concentration in the patch of water at upstream;
C, - E. coli concentration in the same patch of water when it flowed to the downstream;
t - total travel time for the patch of water to flow from the starting point to the ending
point in the channel.
However errors may be introduced due to the fact that there is incomplete lateral mixing across
the stream, non-uniform longitudinal velocities laterally and vertically across the channel, and
unknown inflows causing dilution or introducing additional coliform bacteria between sampling
sites. In order to minimize the errors, E. coli attenuation studies both in 2010 and 2011 were
conducted in channels with moderate sizes so that well-mixed conditions were satisfied and in
reaches into which no additional flows entered the stream.
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4.3.3 Verification Result
Field sampling and lab analysis results reflected high variance in K values. But both the mean
values in daytime and at night agree with the attenuation study results of Granger's (Table 4.1).
By combining the daytime value with the night value, the overall nominal decay rate for a 24-
hour period can be obtained, ranging from 1.5 day-' to 6.6 day-.
Table 4.1 Comparison of Granger's and my bacterial decay rate test results
K value from Granger's study K value from 2011 January study
Daytime 43±31 day' 41 day~'
Night -36±8 day-' -38 day'
In the shallow channel, water runs at a high velocity, which causes re-suspension of particles
depositing on the bottom. The absorbed E. coli can also be washed out into the overlying water
column. Considering this fact, the settlement rate in the shallow channel is quite different from
that in the reservoir. Consequently, the settlement influence on E. coli decay can be neglected
based on the assumption of achieved sediment equilibrium in the 0.5-meter-deep channel.
According to the theoretical E. coli decay rate equation (4.3-4.8), the bacterial decay rate was
calculated as shown in Table 4.2. The theoretical decay rate value of 4.4 day-' agrees with the
results of the on-site E. coli attenuation study which indicate a range of 1.5 to 6.6 day-'. These
are also close to the decay rates of 1.96 to 4.90 day-' obtained from the study in Klang, Malaysia
by Lee et al. (2010). In conclusion, the theoretical E. coli decay equation is eligible to apply to
the E. coli decay rate calculation in my study in Singapore Kranji Catchment.
Table 4.2 Theoretical Keff Value in Study Channel
Depth (m) Kmorality (day') Ksettling (day-) Kphoto (day') Keff (day-)
0.5 1.4 0 24 4.4
Chapter 5: Kranji Reservoir Water Quality Model
5.1 WASP Overview
A water quality model of Kranji Reservoir was built and evaluated in USEPA Water Quality
Analysis Simulation Program (WASP) (Wool et al., 1995). WASP Version 7 is a Microsoft
Windows program for modeling water quality in surface water bodies. WASP requires the
construction of a multiple-box model, which breaks down the whole water body into a number of
fully mixed segments and then uses the basic mass conservation principle, considering inflow
and outflow, sinks and sources, and possible exchanges between adjacent segments, to calculate
the mass balance in each segment. The user specifies hydraulic conditions and time-varying
processes of advection, dispersion, contaminant loading, and boundary exchanges. The program
then uses its algorithm to predict the water quality responses to either natural or man-made
impacts.
5.2 Model Type and Simulation System
Before selecting a model type, the key physical-chemical processes that can affect the fate and
transport of E. coli in the aquatic environment should be figured out. The fate-and-transport
processes of E. coli involve hydraulic transport and bacterial natural mortality, sedimentation
with particles, and photo-oxidation (Mills et al., 1985). In order to take all these factors into
consideration, "organic oxidants" are used as the WASP model type. Although E. coli are not
organic oxidants, the modeling algorithms provided in WASP for organic oxidants are a good
match to the algorithms needed to model E. coli. In particular, light-dependent photolysis for
organic oxidants can be adapted to create a good model of light-dependent photo-oxidation of
bacteria. Since only E. coli was studied in the WASP model of Kranji Reservoir, that was the
only system simulated and no other systems were considered to influence the E. coli system.
5.3 Construction of Reservoir Segments
5.3.1 Reservoir Segmentation
Segments, as spatial components, delineate a series of boxes, in which mass-balance or other
reaction equations are established and solved by WASP. Before entering certain information, a
reasonable segmentation of the water body (Kranji Reservoir) needs to be developed. The
segmentation of Kranji Reservoir developed in this study is shown in Figure 5.1. Under the
WASP box-model solution algorithm, each of these spatial segments is modeled as a fully-mixed
tank. The validity of such ideal fully mixed tanks-in-series model should be checked in order to
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Figure 5.1 Kranji Reservoir Segmentation
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avoid the possibilities of over-dispersion or under-dispersion. A reasonable number of segments
can be determined as a function of the dispersed flow Peclet Number (Pe) (Shanahan, 1984).
The dispersed flow Peclet Number, Pe, in this case was applied to the main reservoir that was
modeled as a tanks-in-series reactor from the upstream segment to the downstream segment.
Pe =QL
AD (5.3)
where:
Q - reactor through-flow rate, m3/sec;
L - distance between the two closed ends of the reactor, m;
A - reactor cross-section area, m;
D - one-dimensional dispersion coefficient, m2/sec.
Flow in the reservoir is an input variable responding to the tributary inflows and the operation of
the dam gate and pumping as a driver of outflow. Due the unavailability of inflow rates data, I
assumed the rough equality between total inflow and total outflow. Flows inside the reservoir
satisfied the continuity requirement. Details of the flow rate calculation are explained in Section
6.6. Taking the reservoir as an equivalent reactor, the distance between the two closed ends of
the reactor is the total length of the main reservoir body segments, which is 3859 meters. I took
the equivalent cross-section area of the main reservoir as the reactor cross-section area, which
equals to the total volume of the main reservoir water body, from KR 11 to KR17 (seven
segments in total) divided by overall distance L. The dispersion coefficient D can be reasonably
assumed as the same value as the horizontal turbulent diffusion coefficient, eH, calculated by the
following empirical formula based on Richardson's 4/3 Law (Shanahan and Gaudet, 2000):
eH = a 14/3, 2 / sec (5.4)
where:
a - coefficient with a magnitude of 10-5, m2/3/sec;
/ - representative scale of turbulent eddies, approximately equal to the average width (B)
of the targeted water body, m.
For the main reservoir body, average width is calculated as shown in equation 5.5 below.
(Bi e Li)
l=B= 
'~E Li
i (5.5)
B, - average width of segment i, m;
Li - length of segment i, m
Table 5.1 shows the results of applying Equations 5.3 and 5.4 to Kranji Reservoir. The
relationship between the valid number of segments in the tanks-in-series model simulating the
main reservoir body should be approximately related to the Peclet number of an equally
dispersive flow reactor as
1 2
- 2(Pe-1+e-P)
n Pe (5.6)
The ideal number of segments here was 7, which agreed with the initial segmentation.
Table 5.1 Peclet Number Calculation
Q (m3/sec) L (m) A (n 2 ) I (m) a (m2 / 3/sec) D (m2/sec) Pe
2.8 3859 3838 642 1x10- 0.4 7.3
5.3.2 Segment Geometry
Segment geometry parameters include the width, length, and depth. Based on Kranji Reservoir
bathymetric data, the configurations of the cross-section interface between each pair of adjacent
segments' were drawn and the cross-section areas were calculated. The average of the upstream
and downstream cross-section areas was adopted as the average cross-section area (A) of the
whole segment, which applies to the volume calculation as illustrated in Equation 5.7.
V=A-L (5.7)
The average width (B) of each segment was calculated in a similar way, taking the mean value of
the widths at two ends. Then average depth (D) was calculated as equal to A/B. Both width and
depth are independent of flow.
In WASP, particular hydraulic coefficients are required to be entered in segment screen, defining
the relationship between velocity, depth and flow in the various segments. The relevant
equations are (Wool et al., 1995):
V =a. Qb (5.8)
D =c. Qd (5.9)
where:
V - segment velocity, m/s;
D - average depth, m;
B - average width, m;
a, b, c, d, e, andf - empirical coefficients or exponents.
In order to meet the requirement of continuity, the following relationships hold (Wool et al.,
1995):
a c - e= 1 (5.10)
b + d +f= 1 (5.11)
In this case, the multiplier of velocity (a) is 1/A and the exponent of velocity (b) is equal to 1.
The values of d andf are designed to be 0 so that both depth and width of segment are
independent of flow. And coefficient c and e are exactly the value of depth and width. Width and
depth are calculated using the methodology mentioned before. All coefficients and exponents a,
b, c, d, e, andf meet the continuity requirement.
5.4 Simulation Date and Time Steps
The simulation start time was set to be 1 December 2010, 10:00, and the end time was 12
January 2011, 10:00, which was also the date of my field sampling in Kranji Reservoir. Between
the two points of time, the model could run a 42-day simulation.
WASP uses a numerical solution scheme that marches through time at time steps of At. The
advection factor aT for the numerical solution was chosen to be 0 in order to make the model most
stable. In order to maintain stability and minimize numerical dispersion in the reservoir subject
to unsteady flow, the sequence of time steps must be as large as possible under the situation of
G-0, but the advected, dispersed mass must always be less than the resident mass, which is given
by Equation 5.1 (Wool et al., 1995):
Atmax =0.9 Min
(5.1)
where:
Ry- exchange flow, m3 /day,
R M. E1 .(t).eA.RL. ( (C -C ) (5.2)
By calculating the minimum time step among all the model volume segments, the maximum
time step shows to be 1.9 day. The minimum time step was chosen as 0.0001 day, the smallest
value in WASP's time step choices in order to give the model a wide enough range to calculate
the suitable time step by itself to satisfy the assumption of a fully mixed box.
5.5 Dispersion Coefficient Calculation
Dispersive water column exchanges significantly influence the transport of E. coli in the
reservoir. Longitudinal dispersion can be the most important process in diluting peak
concentration, which may result from unsteady loads. WASP models dispersion via flow
exchanges between adjacent segments. Only surface-water exchange was implemented in the
model of Kranji Reservoir.
The dispersive exchange in the water column between segment i andj at time t is given by:
oV, Ej g(t) e AU C i'= - ( C)
q Lcv (5.12)
where:
Mi - the mass (here the viable number) of E. coli in segment "i", CFU;
Eg (t) - the dispersion coefficient time function for exchange "ij", m2/day;
Ag - interfacial area of the adjacent segments "i" and "j", m;
Leg- characteristic mixing length (distances between the segment midpoints) between
segments "i" and '", m;
C1, C;- concentration of E. coli in segment "i" and 'j", CFU/m.
It has been proved that Richardson's 4/3 Law is theoretically applicable to turbulent diffusion of
sewage plume (Fischer et al., 1960). Considering its wide application, I took the "4/3 Law" to
calculate the turbulent diffusion coefficient as essentially the same as the dispersion coefficient
in the reservoir multiple-box system (see Section 5.3.1).
5.6 Flow Rate Determination
Kranji Reservoir flow data were obtained from PUB, covering the pumping and dam operation
information from January 2009 to March 2011 Kranji Reservoir has two water output locations,
named K-I and K-II, as well as a spill outlet at the dam. K-I is located at the downstream end of
the reservoir (KR15 in my Kranji Reservoir WASP model-see Figure 5.1), pumping and
transferring water to CCK Waterworks and Murai Reservoir. K-I pumps most of the water out of
Kranji Reservoir. In comparison, K-I pumps only a small fraction of water out of reservoir
occasionally. Thus, only K-I was taken into account, together with the operation of dam (Figure
5.2).
Two sets of flows are modeled here. One is the flow driven by pumping and the other is linking
to dam's operation (Figure 5.3). From December 1st 2010 to January 12th 2011, the average
pumping rate was 1.13 m3/sec, and the average outflow rate due to the dam gate opening was
1.15 m3/sec.
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Figure 5.4 Kranji Sub-catchments
The inflows of water were from four main sub-catchments: Kangkar, Tengah, Pang Siang and
Pangsua (Granger, 2010). A Kranji Catchment GIS shapefile that delineated the watershed into
constituent sub-catchments was generated and is shown in Figure 5.4.
WASP apportions flow between model segments by "flow fractions" specified by the user. The
flow fraction is defined as the percentage of total inflow for each tributary inflow rate.
Considering the areas covered and at the same time according to the Kranji Catchment auto-
sampling stations' records, flow fractions were estimated as follows (Table 5.2).
... ...................... 
Table 5.2 Boundary flow Fractions
From To Fraction of Flow
Kangkar KR1 trl 0.235
Tengah KR3-4 tr2 0.374
Pang Siang KR8 tr3 0.193
Pangsua KR14 0.198
In order to obtain a stable and accurate simulation, one general guideline should be considered:
segment volumes in WASP should be roughly the same. If flows vary significantly downstream,
then segment volumes should increase proportionately. In other words, the residence times
should be comparable. In my reservoir model, the upstream segment residence times (Figure 5.5)
are almost the same, around 2.8 days (from KR1 to KR14), whilst those of the last three
segments (KR15, KR16, KR17) are longer. One reason why I did not break down the segments
into several more sub-segments was to preserve the proper number of "boxes" in the model and
avoid artificial dispersion as discussed in Section 5.3.1. Another reason is that because of the
stagnant status of water in the last three segments if no pumping or dam gate opening occurs in
the real situation, by artificially creating a larger volume, water could take longer time to be able
to fully mix within the segment.
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Figure 5.5 Hydraulic Residence Time in WASP Segments
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5.7 Boundaries and Loadings
Boundary segments are those whose water exchanges with that outside the whole system. The
concentration of E. coli in a boundary segment may vary with the time, depending on both the
inflow and extra loading processes.
SBi- Vi = Qio. C& + Li (5.13)
where:
SBi- boundary loading rate response of E. coli in the boundary segment i, CFU/m3 ;
Vi - volume of boundary segment i, m3 ;
Qio - inflow from outside the network, as defined in Table 5.2, m3/day;
CBi - concentrations of E. coli in the outside inflow water, CFU/m 3;
Li - point source and non-point source loading rate, CFU/day.
Boundary inflow E. coli concentrations are determined by the point and non-point sources in the
Kranji Catchment. It has been shown that different land uses contribute different E. coli loading
levels. Moreover, because of the various combinations of land uses in each sub-catchment
(Kangkar, Tengah, Pang Siang and Pangsua), the overall E. coli concentrations coming into the
four inflow points, as illustrated in Figure 5.3, differ from each other. In order to get clear and
reasonable boundary concentrations in my model, the E. coli concentration from each sub-
catchment was estimated by computing a weighted average coliform contribution from each land
use. The distributions of land-use area for each sub-catchment were taken from the previous
SWAT model work by Granger (2010). Coliform concentrations for each land use were
estimated based on this year's catchment sampling results by Bossis (2011) (Table 5.3).
Table 5.3 Boundary Segments E. coli Concentration Estimation
Land Use Percentage by Sub-Catchment (%) E. Coli
Kangkar Tengah Pang Siang Pangsua Concentration
Type of Land Use (MPN/100mL)
Orchid Farm 3.8 5 3.4 0 440,000
Fish farm 0 0.4 1.2 0 4,000,000
Horticulture Farm 0 0 0.9 0 1,680,000
Poultry Farm 0.9 0 0.8 0 1565
HDB 0 0 26.4 56.5 5320
Industry Estate 0 0 0.5 0.4 300
Others 95.3 94.6 66.7 43.1 100
Estimated Sub-
CatchmentInflowE. 16,678 28,388 39,278 214Coli Concentration
(MPN/100mL)
In Kranji Reservoir, all E. coli sources are from tributary inflows. Direct runoff from shoreline
areas was neglected for lack of information and based on the presumption these loads are small
compared to tributary loads. Point sources like sewage discharges are strictly prevented in the
reservoir area. Thus no extra loading processes were included in the model.
5.8 Bacterial Decay Rates
Keff is the overall decay rate within a 24-hour period. It includes three representative processes:
overall 24-hour natural mortality (integrating decay during daytime and growth at night, as
observed in field tests and shown in Equation 4.4), settling loss (Equation 4.5), and photo-
oxidation (Equation 4.6). The overall effect of these three processes has been demonstrated as a
nominal net decay in a day (Equation 4.3):
Keff= Kmortality + Ksettiing + 0.125*Kphoto (4.3)
Kmortality= (0.8 + 0.006 x (%seawater)) x 1.07('0 (4.4)
0.4 0.348
Ksetting =0.871 x H = H3 day-
seneH H (4.5)
1e-(0.55x13.9)H
Kphoto = 0.362 x 260 x = 12.3 -12.3e-7.6H day-' (4.6)(0.55 x 13.9)H
The decay rates can all be illustrated as a function of the depth of water. The overall effective
decay rate versus depth curve (Figure 5.6) indicates that the deeper the water, the smaller the
decay rate would be.
16
14 
"" Kphoto
12 Kmortaitv
" Ksettling
S10
61
0
0 1 2 3 4 5 6 7
Depth (m)
Figure 5.6 Bacterial Decay Rate vs. Segment Depth
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Due to the different depths, the effective decay rate values vary from one segment to another.
The values of E. coli natural mortality (Kmortaity), settling rate (Ksettiing), photo-oxidation rate
(Kphoto), and overall effective decay rate (Keff) in each segment are listed in Table 5.4.
Table 5.4 Keff Value Table
Kmortaity (day-)
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
Ksettling (day- 1)
1.49
1.36
1.39
1.05
1.05
2.09
2.09
0.44
0.46
0.42
0.38
0.35
0.38
0.33
0.38
Kphoto (day')
8.80
8.01
8.21
6.16
6.16
12.31
12.31
2.56
2.74
2.46
2.24
2.05
2.24
1.93
2.23
Keff (day-')
3.97
3.74
3.79
3.19
3.19
5.00
5.00
2.13
2.18
2.10
2.04
1.98
2.04
1.94
2.03
Segment
KR1
KR2
KR3-4
KR5-6
KR7
KR8
KR9
KR10
KR11
KR12
KR13
KR14
KR15
KR16
KR17
Depth (m)
1.4
1.5
1.5
2.0
2.0
1.0
1.0
4.8
4.5
5.0
5.5
6.0
5.5
6.4
5.5
Chapter 6: Simulation Results and Accuracy Evaluation
6.1 Simulation Results
WASP simulation results are shown in Figure 6.1. Figure 6.1 shows a significant variation in the
E. coli concentration in each segment during the simulation period, which is from December 1st
2010 to January 12 th, 2011. The highest bacterial concentration occurs in segment KR8, which is
the boundary segment receiving the water running from sub-catchment Pang Siang. In addition,
Figure 6.2 shows the E. coli concentration distribution on two days: one day is December 15t,
2011, during which the concentration is at a normal stable level; the other day is December 2 7th,
2011, whose predicted concentration is the highest during the simulation period.
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6.2 E. coli concentration vs. Inflow
High correlation between total inflow and E. coli concentration is also reflected in the modeling
results (Figure 6.2). It is not surprising that the bacterial concentration is closely related to the
flow. For a reservoir like Kranji, whose flow and contaminant transport are driven by runoff
from watershed, which roughly equals to the pumping and dam release rates, it is valid to
conclude that the transport and dilution of the bacteria in Kranji Reservoir strongly depend on
inflow to the reservoir, especially when an extreme storm event occurs, exacerbating bacterial
loadings.
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Figure 6.3 Predicted E. coli Concentration and Inflow Rate
6.3 E. coli Concentration vs. Loading Level
Besides the fact of high correlation between flow rate and E. coli concentration, bacterial loading
from the watershed to reservoir and waterways is also an important factor. One test of the
importance of this factor was to increase all the boundary inflow concentrations (E. coli
concentration in the water flow into the four tributaries) by a factor of 10 and then to observe the
change in the E. coli concentration distribution in the reservoir water body. I selected KR1 5 as
the targeted segment because it is from this segment that the water is pumped and transferred to
water supply use. The results indicate that, in general, E. coli concentrations increase
proportionally to the increase of the boundary concentrations (Figure 6.3). This leads to the
conclusion that bacterial loading levels in the whole catchment significantly affect the
concentration in the reservoir.
6.4 24-hour Simulation
Based on my field test observations and theoretical bacterial attenuation study, E. coli grow at
night at a rate of around 37 day', disappear from the water column due to the combined effect of
natural mortality and settlement, and experience an extra process of photo-oxidation during
daylight hours when exposed to sunlight. Thus, detailed simulation of a 24-hour period would be
expected to show diurnal variation in E. coli concentrations. The Kranji Reservoir WASP model
was not configured to allow decay rates to vary within a single run, however this limitation was
overcome by running a series of simulations with varying decay rates. A 24-hour simulation was
. ........ ........ .... . .
carried out by running the WASP model through to 10:00 a.m. on January 1 1 th (Section 6.1),
using the ending simulation results from this run as initial concentration conditions for the
subsequent run and so forth for subsequent runs through to 10:00 a.m. on January 12th, 2011.
The decay rates were distinguished from one particular time period to another as shown in Table
6.1.
The predicted 24-hour E. coli concentration in segment KR1 1 is shown in Figure 6.4 as a
representative segment. The simulation results started with a sharp drop from 10:00 to 14:00,
reaching the lowest concentration level and then staying at that low level for 5 hours. After
14:00, the concentration increased gradually until it reached another peak concentration at
around 7 a.m. on the next day when it turned to decrease again. These simulation results vividly
show how the model could work in terms of real-time monitoring. The 24-hour simulation result
indicates the certain effects caused by the bacterial growth or die-off and also transient changes
in advection and dispersion throughout the one-day period.
Table 6.1 E. coli Decay Rates (day-) throughout a 24-hr Period
Segment 10:00-13:00
(01/11)
KR1 49.0
KR2 48.1
KR3-4 48.4
KR5-6 46.0
KR7 46.0
KR8 53.1
KR9 53.1
KR1O 41.7
KR11 41.9
KR12 41.6
KR13 41.4
KR14 41.1
KR15 41.4
KR16 41.0
KR17 41.4
13:00-19:00
(01/11)
40.2
40.1
40.1
39.8
39.8
40.8
40.8
39.2
39.2
39.2
39.1
39.1
39.1
39.1
39.1
Time
19:00 (01/11)-
7:00 (01/12)
-34.5
-34.6
-34.6
-35.0
-35.0
-33.9
-33.9
-35.6
-35.5
-35.6
-35.6
-35.7
-35.6
-35.7
-35.6
7:00-10:00
(01/12)
7.3
6.7
6.9
5.5
5.5
9.6
9.6
3.1
3.2
3.0
2.9
2.7
2.9
2.7
2.9
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Figure 6.4 Predictions of E. coli concentration in KR1 5 under two different loading conditions
6.5 Model Simulation Accuracy Evaluation
The reasonableness of the model predictions was evaluating the model results with bacterial
concentrations measured in samples collected in the reservoir on January 12, 2011 as described
in Section 3.1. By running a 42-day simulation, the model predicts the E. coli concentration
distribution on the day of January 12 th 2011, which is qualitatively illustrated by the purple bars
in the map in Figure 6.4. In order to validate my Kranji Reservoir WASP model, I exported the
simulation results for one particular time (10:00 January 12th, 2011) and compared them with
sampling data (Table 6.2).
The comparison graph (Figure 6.5) clearly shows that the simulation output values are
comparable to the sampling data. The causes of the differences may include the sampling depth,
the different hydraulic conditions in the real reservoir, and the other loading sources that are
neglected in the model such as the non-point sources from reservoir banks. Though the
simulation results in KR1 6 and KR1 7 are much lower than the field data, both the model and the
field data show concentrations well below the EPA criterion (see Section 2.1.2). Thus, for the
purpose of monitoring water safety, the underpredictions do not adversely affect the function of
the model.
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Figure 6.5 24-hour Simulation in Segment KR11I
As indicated above, the sampling depth is one factor that potentially affects the model-data
comparison. The sampled water was from the reservoir surface, which might not be fully mixed
with water beneath. Higher longitudinal velocity of water near surface may have led to faster
transport of bacteria from upstream to downstream near the lake surface, potentially leading to
higher concentrations in our shallow water samples.
Because the actual flow in the reservoir was unknown, the flow rates in the model were
determined based on the assumption that the inflow equals the outflow, which is the combined
effect of both pumping and water released at the dam. However, there were likely changes in the
reservoir water level and thus storage volume from time to time. Besides, wind would disturb the
surface layer. Both of these processes imply a complicated pattern of water flow within the
reservoir
As explained in Section 5.7, direct runoff from land along the reservoir's shore would increase
the boundary bacterial concentration and add to the bacterial number in the main water body.
However these direct loading processes were neglected in this WASP model due to lack of
sufficient information.
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Table 6.2 Simulation vs. Sampling E. coli Concentration for Jan. 12 , 2011
Segment Concentration (MPN/100mL)
Field Samples Simulation
KR1 1544
KR2 184
KR3-4 649 2437
KR5-6 158 272
KR7 68 22
KR8 5400 2458
KR9 138
KR1O 10 10
KR11 5 7
KR12 8 1
KR13 8 0.2
KR14 5 7
KR15 2 1
KR16 1 0.1
KR17 2 0.0
X Sampling
==laSiinulation
x
r r -I
Segment
Figure 6.7 Simulation vs. Sample E. coli Concentrations for Jan. 12th, 2011
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Chapter 7: Conclusions and Recommendations
7.1 Kranji Reservoir WASP Model
The Kranji Reservoir Water Quality Analysis Simulation Model presented in this thesis was
constructed based on real data, theoretical values, and reasonable estimations. The simulation
results are basically consistent with sampling data collected along a longitudinal transect of the
reservoir on January 12h 2011.
The following conclusions can be reached based on the model simulation results:
1. In my study, the evaluation of the risk of Kranji Reservoir recreational use is based on the
EPA criterion for full body contact recreational freshwaters, which defines 126 CFU/1 00
mL as a maximum acceptable level. The simulation results indicate that Kranji
Reservoir's main water body, which extends from KR 1I to KRl 7 in the WASP model, is
relatively safe, except for some periods during monsoon season when storm events occur
frequently and severely. However the three tributaries hardly meet the EPA criterion. As
a consequence, those three tributaries should be prohibited for public recreation.
2. Comparisons of simulation results with inflow rates in Section 6.2 show that inflow rates
highly influence the concentration of bacteria. When the inflow rate is high, the
concentration of E. coli is increased in every segment. This situation usually happens
following a storm event. Though the bacterial concentrations in inflows from upstream
sources may be diluted by rainwater, the dramatic increase in the quantity of water that
runs into the reservoir outweighs the dilution effect and thus leads to severe
contamination in some segments.
3. The model simulation results presented in Section 6.3 clearly show that the concentration
of E. coli in the reservoir will increase proportionally to the increase in the boundary
inflow concentration. This highlights the importance of the control of fecal bacterial
loading sources.
7.2 Early Warning System for Recreational Use of Kranji Reservoir
The Singapore Public Utilities Board wants to develop Kranji Reservoir as a multi-functional
aquatic environment, not only supplying fresh water for municipal use, but providing the public
with opportunities to enjoy water-related recreational activities. However, faced with the
potential threat from the fecal bacteria existing in the reservoir, PUB needs a sustainable strategy
to monitor the water quality, evaluate the risk, and take rapid responsive action. In a word,
setting up an early warning system for recreational use of Kranji Reservoir is essential.
The WASP model presented in this thesis is practical and able to be integrated into a Kranji
Reservoir early warning system. It has an easy-to-use interface, a fixed model structure, and an
49
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intuitive simulation output. It can be used to simulate E. coli concentrations at least 3 days in
advance. And usually a 24-hr simulation will give more details and thus a more accurate
prediction.
Openi Kranji Reservoit E. oli faZite-anld-transport mnodel
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Figure 7.1 Kranji Reservoir WASP model procedures
Figure 7.1 presents a step-by-step procedure for using the Kranji Reservoir WASP model. Once
a simulation result shows the value exceeding 126 CFU/100 mL in main reservoir water body,
PUB should take measures to close the whole or certain parts of the reservoir to avoid the
potential dangers.
7.3 Recommendations
Analysis of the simulation results showed a strong relationship between flow rates and E. coli
concentrations. However, the inflow rates put into this WASP model are not the exact values of
real flow into the reservoir but the average values derived from the pumping and water release
rates and the assumption that total inflow equals total outflow. It is recommended that actual
inflow rates, especially in the tributaries, be monitored and recorded regularly. At the same time,
more samples should be collected and tested to determine bacterial levels in the inflows from all
four sub-catchments. Alternatively, a well-calibrated SWAT model can help to predict the
bacterial loading levels under any prescribed weather condition.
...........  ...... ..... ........ _..   .  .....
As developed for this thesis, the basic WASP model was not constructed to differentiate the
decay rate between daytime and night values, and thus it may not be able to predict the
difference in E. coli concentrations between day and night when it is used to simulate over a long
period of time. Nevertheless, a 24-hour simulation was successfully carried out with decay rates
varying between day and night by running the model several times in sequence and demonstrates
the potential importance of diurnal variation in cell growth and decay. A further updated model
with a photo-oxidation process is recommended in order to enable the model to automatically
capture and simulate light variance during a typical day. This type of model can be implemented
in WASP by specifying light intensity as a 24-hour time function. Simulation results from such a
model would undoubtedly facilitate a further understanding of the mechanism of fecal bacteria
fate and transport in the reservoir.
Last but not least, alternative indicators can also be adopted. Enterococci have been proved a
good indicator organism. Once more samples and data are collected and analyzed, a large
enterococci database will enable the WASP model to simulate the water quality evaluated as the
concentration of entero cocci.
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Appendix
Table 3 E. coli attenuation study
E. Coli Attenuation Rate
Daytime
No Residence Attenuation Grow inCo inC k ()
Time (sec) Co C Rate Dcy I~ n h'
(CFU/100ml s- )
1 189 1308 1850 -2.868 grow 7.18 7.52 -6.60
2 170 1272 654 3.638 decay 7.15 6.48 14.10
3 186 742 1065 -1.734 grow 6.61 6.97 -6.99
4 195 944 670 1.405 decay 6.85 6.51 6.33
Night
No Residence Attenuation Grow/ ino nCk()
Time (sec) Co C Rateationy InCo InC k (h-')(CFU/00ml s~ )
1 263 2420 1850 2.166 decay 7.79 7.52 3.67
2 231 1272 2420 -4.968 grow 7.15 7.79 -10.02
3 212 2420 2420 0.000 no 7.79 7.79 0
4 233 2420 2420 0.000 no 7.79 7.79 0
- - - - ----- ---------  
Table 4 Kranji Reservoir Model Hydraulic Parameters
Velocity AverageVolume Velocity Velocity Depth Depth Segment Length Width cross-Segment (m 3 ) Multipli Exponent Multiplier Exponent Type (m) (m) section
a=1/A Exoet Mlile Exoet Tp (i) (n sein
area
KR1 280280 0.0071 1 1.4 0 Surface 2002 100 140
water
KR2 224974 0.0018 1 1.5 0 Surface 394 372 571
water
KR3-4 506813 0.0030 1 1.5 0 Surface 1500 226 338
water
KR5-6 450951 0.0022 1 2.0 0 Surface 1001 225 451
water
KR7 650408 0.0012 1 2.0 0 Surface 778 418 836
water
KR8 279004 0.0054 1 1.0 0 Surface 1496 187 186
water
KR9 313880 0.0042 1 1.0 0 Surface 1330 236 236
water
KR1O 566933 0.0007 1 4.0 0 Surface 400 354 1417
water
KR11 1065816 0.0007 1 3.8 0 Surface 745 382 1431
water
KR12 569109 0.0009 1 3.0 0 Surface 512 373 1112
water
KR13 877445 0.0005 1 5.2 0 Surface 395 431 2221
water
KR14 1175552 0.0003 1 5.7 0 Surface 382 538 3077
water
KR15 2280144 0.0002 1 7.1 0 Surface 536 600 4254
water
KR16 2280182 0.0002 1 6.8 0 Surface 398 845 5391
water
KR17 3430114 0.0002 1 4.9 0 Surface 891 791 4361
water
Table 5 Kranji Reservior Outflows
Pumping
Date (m3/day) Q(cms)
12/01/10 10:00 102805 1.19
12/02/10 10:00 99910 1.16
12/03/10 10:00 99681 1.15
12/04/10 10:00 100624 1.16
12/05/10 10:00 100367 1.16
12/06/10 10:00 101074 1.17
12/07/10 10:00 98985 1.15
12/08/10 10:00 97356 1.13
12/09/10 10:00 98867 1.14
12/10/10 10:00 98327 1.14
12/11/10 10:00 99646 1.15
12/12/10 10:00 97323 1.13
12/13/10 10:00 99882 1.16
12/14/10 10:00 96690 1.12
12/15/10 10:00 99914 1.16
12/16/10 10:00 98632 1.14
12/17/10 10:00 96346 1.12
12/18/10 10:00 98840 1.14
12/19/10 10:00 49697 0.58
12/20/10 10:00 93483 1.08
12/21/10 10:00 99694 1.15
12/22/10 10:00 101450 1.17
12/23/10 10:00 90819 1.05
12/24/10 10:00 96943 1.12
12/25/10 10:00 97858 1.13
12/26/10 10:00 97278 1.13
12/27/10 10:00 99558 1.15
12/28/10 10:00 100460 1.16
12/29/10 10:00 100870 1.17
12/30/10 10:00 100628 1.16
12/31/10 10:00 100015 1.16
01/01/11 10:00 100085 1.16
01/02/11 10:00 99785 1.15
01/03/11 10:00 99992 1.16
Dam Releasing
Date (m3/day) Q(cms)
12/01/10 10:00 307692 3.56
12/02/10 10:00 307692 3.56
12/03/10 10:00 153846 1.78
12/04/10 10:00 153846 1.78
12/05/10 10:00
12/06/10 10:00 153846 1.78
12/07/10 10:00
12/08/10 10:00
12/09/10 10:00
12/10/10 10:00
12/11/10 10:00
12/12/10 10:00
12/13/10 10:00
12/14/10 10:00
12/15/10 10:00
12/16/10 10:00
12/17/10 10:00
12/18/10 10:00
12/19/10 10:00
12/20/10 10:00
12/21/10 10:00
12/22/10 10:00
12/23/10 10:00
12/24/10 10:00
12/25/10 10:00
12/26/10 10:00 692308 8.01
12/27/10 10:00
12/28/10 10:00
12/29/10 10:00
12/30/10 10:00
12/31/10 10:00
01/01/11 10:00
01/02/11 10:00 384615 4.45
01/03/11 10:00 461538 5.34
0 1/04/11 10:00 100368 1.16 01/04/11 10:00
01/04/11 10:00 100368 1.16 01/04/11 10:00
01/05/11 10:00 99788 1.15 01/05/11 10:00 384615 4.45
01/06/11 10:00 99199 1.15 01/06/11 10:00
01/07/11 10:00 101262 1.17 01/07/11 10:00
01/08/11 10:00 98729 1.14 01/08/11 10:00
01/09/11 10:00 99051 1.15 01/09/11 10:00 384615 4.45
01/10/11 10:00 99599 1.15 01/10/11 10:00 384615 4.45
01/11/11 10:00 97052 1.12 01/11/11 10:00 384615 4.45
01/12/11 10:00 98500 1.14 01/12/11 10:00
Table 6 Kranji Reservoir WASP Model Dispersion Parameter Input
Distance Cross- Dispersion
Segment (centroid - section Width Coefficient4 3
centroid) Area (in) (m) E=4x10 x w
KR1-KR2 1198 222 222 5.38E-03
KR2-KR11 569.5 698 349 9.83E-03
KR3-4-KR5-6 666.5 90 90 1.61E-03
KR6-KR7 612 852 426 1.28E-02
KR7-KR1O 699 820 410 1.22E-02
KR8-KR9 873.5 203 203 4.77E-03
KR9-KR1O 975 538 269 6.95E-03
KR1O-KR11 682.5 1932 384 1.12E-02
KR11-KR12 628.5 946 379 1.1OE-02
KR12-KR13 453.5 1315 367 1.05E-02
KR13-KR14 388.5 2476 494 1.56E-02
KR14-KR15 459 3171 582 1.94E-02
KR15-KR16 467 5077 795 2.95E-02
KR16-KR17 644.5 5705 895 3.45E-02
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